One indicator of health in estuarine and coastal ecosystems is the ability of local waters to transmit sunlight to planktonic, macrophytic, and other submerged vegetation for photosynthesis. The concentration of coloured dissolved organic matter (CDOM) is a primary factor affecting the absorption of incident sunlight in coastal and estuarine waters. In estuaries, CDOM concentrations vary due to changes in salinity gradients, inflows of industrial and domestic effluents, and the production of new dissolved organic matter from marine biologic activity. CDOM absorption data have been collected from a variety of waters. However, there are a limited number of measurements along the US east coast and a general lack of data from New England waters.
Introduction
Coastal and estuarine waters are optically complex owing to high concentrations of aquatic constituents affecting the inherent properties of the water column (i.e. absorption and backscattering processes) which change the intensity and spectral character of incident sunlight.
The ability of coastal and estuarine waters to transmit sunlight affects phytoplankton productivity as well as submerged aquatic vegetation (SAV) . Changes in light transmissivity may be due to natural and anthropogenic factors. Nutrient enrichment from point and non-point sources can stimulate water column production which reduces light transmission to SAV. Monitoring the optical properties of local waters at several spatial and temporal scales could provide diagnostic information on natural and anthropogenic factors affecting the capacity of these waters to provide sufficient sunlight to planktonic and macrophytic vegetation for photosynthesis and growth.
The biological and optical characteristics of coastal and estuarine waters are complicated by temporal and spatial variability in the concentration of coloured dissolved organic matter (CDOM) and suspended particulate matter (SPM), the spectral properties of pure water, and the composition of phytoplankton photosynthetic pigments. CDOM (Gelbstoff or gilvin) of terrestrial origin is primarily composed of humic acids produced from the decomposition of plant litter and organically rich soils within coastal watersheds and upland areas. Humic acids are moderate molecular weight, yellow-coloured organic acids that dominate the absorption of visible and UV light at the blue end of the spectrum (Kirk, 1996; McKnight et al., 2001) . From a beneficial standpoint, the strong absorption of CDOM in the UV portion of the spectrum protects phytoplankton and other biota from damaging UVB radiation (Blough & Zepp, 1990; Blough & Green, 1995) . However at increasing levels, CDOM absorption can affect primary productivity and ecosystem structure by reducing the amount and quality of photosynthtically active radiation to phytoplankton (Bidigare et al., 1993) .
CDOM concentrations also increase in coastal waters due to the in situ creation of fulvic acids produced from the seaweed decomposition (Sieburth & Jensen, 1969) , as a by-product of primary production stimulated by nutrients (Carder et al., 1989; Del Castillo et al., 2000) , and the anthropogenic input of industrial or domestic effluents from populated areas (Bricaud et al., 1981) . In the coastal environment, the optical properties of CDOM change owing to seawater mixing and photodegradation (Bricaud et al., 1981; Morel, 1988; Carder et al., 1989; Vodacek et al., 1997; Del Castillo et al., 2000) . The effects of CDOM on the accuracy of remote sensing algorithms to predict chlorophyll a distribution and phytoplankton biomass estimates in coastal areas has been previously discussed (e.g. Carder et al., 1989; IOCCG, 2000) .
A review of the published literature indicates that CDOM absorption data have been globally collected from a variety of geographically diverse waters (Kirk, 1996) . Along the US east coast, CDOM measurements have been made from continental shelf waters of the Middle Atlantic Bight (Vodacek et al., 1997) and the Gulf of Maine (Yentsch & Phinney, 1997) . However, there is a lack of CDOM absorption data from estuaries in New England. Narragansett Bay, a well-mixed mesotidal estuary, is an excellent site to study the variation of CDOM in the coastal environment. Nutrients are input into the upper bay by freshwater streams and rivers which drain the Blackstone Valley and Narragansett watersheds. In addition, a distinct salinity gradient exists from the brackish waters of the Providence River to the more oceanic waters of Block Island Sound (Hess, 1976) .
In this manuscript, we examined the behaviour of CDOM along coastal New England to answer the following questions:
(1) What is the temporal and spatial variation in the absorption of light by CDOM in the Narragansett Bay (Rhode Island) system? (2) What is the relationship between the variability in CDOM absorption, seasonal freshwater inflow from surrounding watersheds, and salinity differences from upper Narragansett Bay into Block Island Sound? (3) What are possible ecological implications for phytoplankton photosynthesis in CDOM-dominated waters?
To answer these questions, we relied on laboratory analyses of CDOM absorption coefficients and chlorophyll a concentrations as well as field measurements of freshwater flow and salinity variation in Narragansett Bay.
Materials and methods
Surface measurements of CDOM absorption coefficients and chlorophyll a concentrations were made from water samples collected during May 1999 through June 2000. Samples were partitioned for laboratory analysis from a 5 l Go-Flo bottle lowered to 4 m depth at four stations along the Western Passage of Narragansett Bay, Rhode Island, U.S.A. (Figure 1 ; Table 1 ). Salinity measurements were made at each station using a Seabird Sealogger CTD SBE 25 profiler also lowered to a depth of 4 m averaged from the surface to depth.
The stations were located along the salinity gradient that is present from Rhode Island Sound into the Providence River. During the sampling period, 32 weekly to biweekly cruises were primarily made onboard the RV Bay Challenger, RV Coastal Explorer, and RV Arbacia which are based at the USEPA/ Atlantic Ecology Division Laboratory (Narragansett, RI). On two of these cruises, data were collected from US Coast Guard (USCG) patrol boats based at USCG Station-Castle Hill (Newport, RI) . The upper bay stations were chosen due to their location relative to river and stream sources.
Daily freshwater discharge data (May 1999-July 2000) for 12 streams and rivers which flow into Narragansett Bay from central Massachusetts and northern Rhode Island were obtained from the USGS Water Resources Division in Northborough, Massachusetts and averaged into weekly (7 day) estimates of freshwater discharge.
Water for CDOM absorption analysis was collected in 250 ml bottles and placed on ice while in the field. In the laboratory, these samples were held in refrigerated storage at 4 C until analysed.
Water samples, reference samples, and sample blanks were twice filtered using a 50 ml syringe filter holder and 0·22 micron Millipore filters. The reference sample was stored in a 10 cm (0·1 m) cuvette that was refrigerated at 4 C until needed. A sample blank of deionized water was included during each analysis and its spectral values substracted from the sample measurements to correct the absorbance values for offsets between the deionized water reference and the seawater sample. CDOM absorption coefficients were determined from laboratory measurements of the optical density (OD) of the water samples using a Perkin Elmer Lambda 3 DoubleBeam UV-Visible Spectrophotometer with a spectral resolution of 0·5 nm using 10 cm pathlength cells. The OD was determined using: where I o is the absorbance of the water sample and I is the absorbance of a reference sample, in this case deionized water. CDOM absorption was calculated using Equation 2: et al., 2000) (2) where OD s ( )=sample absorbance, OD b ( )=sample blank absorbance, and l=cuvette pathlength. Absorption coefficients were corrected for backscattering of small particles and colloids which pass through filters using Equation 3 (Bricaud et al., 1981; Green & Blough, 1994) . a( ) corr =a( ) a 700 ( /700) (Bricaud et al., 1981) (3) where a( ) corr =absorption at a given wavelength ( ) corrected for scattering. a ( ) =measured absorption at a given a 700 =measured absorption at 700 nm Corrected absorption coefficients were calculated at 400, 412, 440, 443, 490, 510, 555, 615, 670, 675 , and 700 nm in units of m 1 . The corrected absorption coefficients were plotted to yield a spectral absorption curve for the range of 400 to 700 nm. The exponential (or spectral) slope (S), of each spectral absorption curve was determined by taking the natural logarithm (LN) of the corrected absorption coefficients (a) and regressing it against wavelength between 400-550 nm. The a 412 coefficient is consistently referred to in this paper due to its correspondance to Band 1 of the SeaWiFS and MODIS ocean colour sensors.
The general CDOM spectrum for Narragansett Bay was produced by calculating an average absorption coefficient per wavelength using data from all sampling stations. The spectral slope of the general absorption curve was derived by regressing the natural logarithm of the corrected absorption against wavelength from 400-550 nm. The spatial variation in CDOM absorption was determined by calculating an average absorption coefficient per wavelength using data from individual sampling stations. The spectral slope data were averaged (S avg ) for all stations to examine temporal variations in S.
Because upper Narragansett Bay is heavily influenced by the freshwater discharge and organic input of the Providence River, the amount of ambient light absorbed in the upper bay by dissolved organic matter (DOM) was determined from the CDOM absorption measurements. Using a Biospherical Instruments PRR 600 Series profiling reflectance radiometer, the total downwelling irradiance (E d ) was collected from the upper 0·5 m of the water column at Station 36 at 412, 443, 490, 510, 555, and 665 nm.
Chlorophyll concentrations were determined using Equation 4 based on phytoplankton pigment fluorescence using the Welschmeyer protocol (Welschmeyer, 1994) . The Welschmeyer protocol allows for the non-acidic determination of chl a in the presence of chl b and pheopigments. The procedures from EPA Method 445.0 were used during the preparation of standard solutions, sample collection, storag, instrument performance demonstrations, and quality assurance (Arar & Collins, 1992) . Chlorophyll pigments were extracted in a 90% acetone solution in accordance with Prezioso et al. (1999) which involves the immersion of sample filters for 12-24 h in glass cuvettes as compared with the destruction of filters using a tissue grinder as required in Method 445.0. Seawater was collected in the 5 l Go-Flo bottle and transferred to 1 l darkened glass bottles. In the field, water samples (50 ml volume) were immediately processed after collection and filtered, in subdued light, using 47 mm Whatman GF/F filters using a vacuum pump. If the samples could not be processed in the field, water samples were placed on ice and filtered in a laboratory within 4 h of collection. Filters were placed in aluminum foil pouches and stored at 80 C until needed for analysis. The fluorescence signature of the samples was determined with a Turner Designs Model AU-10 Digital Fluorometer equipped with the Non-Acidification Optical Kit (P/N 10-040R). The Non-Acidification Optical Kit consists of a blue mercury vapour lamp which excites chlorophyll a at 436 nm and narrow band interference filters which only allow the specific excitation at 436 nm and emission at 680 nm wavelengths of chl a to pass. Chlorophyll concentrations were determined using:
where K=0·998=fluorescence sensitivity coefficient in extraction solvent; F o =fluorescence reading; v=volume of acetone used for extraction; V f =volume of seawater filtered.
Chlorophyll-specific absorptions (a chl ) in Narragansett Bay were estimated at 400, 412, 440, 443, 465, 490, 510, 550, 555, 615, 670, 675 , and 700 nm using the measured chlorophyll concentrations; and the spectral absorption coefficients (a c * ( )) of Prieur and Sathyendranath (1981) 
where a* ( )=0·06 (a c * ( )) (Mobley, 1998 (Mobley, , 1999 . The functional relationships between CDOM absorption and several parameters (e.g., salinity, temperature) were statistically examined using correlation and the Major Axis method of Model II linear regression analysis (Kermack & Haldane, 1950; Laws, 1997) .
Results

Spectral character of CDOM in Narragansett Bay
The general spectral curve for CDOM in Narrgansett Bay shows near zero absorption values, at the red portion of the visible spectrum (700 nm), which exponentially increase to maximum values in nearultraviolet (UV) wavelength regimes (350-400 nm) (Figure 2 ). The average CDOM absorption coefficient at 412 nm was 0·45 m 1 (Figure 2 ). Average CDOM absorption (a 412 ) coefficients for each station are found in Table 1 absorption values (at 412 nm) in the entire dataset ranged from a minimum of 0·09 to a maximum of 1·4 m 1 . Spectral slopes (R 2 values of 0·74 to 0·99) for each station/sampling date varied from 0·006 to 0·068 nm 1 ( Table 2 ). The average value of S along West Passage during the study period was 0·020 ( 0·011) nm 1 (Table 1 ). Correlation analysis indicated that a moderately strong, inverse relationship existed between S and CDOM absorption (r= 0·42). This inverse relationship with CDOM has also been observed by D'Sa et al. (1999) . Vodacek et al. (1997) indicated that when terrestrial-derived CDOM is present in surface waters (under conservative mixing conditions), Sc0·020 nm
1
. Increased values of S are thought to arise from the transformation of terrestrial-derived CDOM and (or) its replacement by CDOM generated in situ as well as changes in the salinity and stratification of Narragansett Bay at the time of sample collection (Carder et al., 1989; Vodacek et al., 1997) . Carder et al. (1989) CDOM absorption coefficients (a 412 ) showed seasonal cycles ( Figure 5) Figure 5 ).
Temporal and spatial variation in CDOM absorption and its relation to salinity
In Narragansett Bay, CDOM absorption showed an inverse relationship (r= 0·72) with surface salinity (Figure 6 ). This relationship has been observed at other coastal locations and reported by others (see Monahan & Pybus, 1978; Bricaud et al., 1981; Fox, 1983; Pegau, 1997; Yentsch & Phinney, 1997) . CTD measurements indicate that lowest salinities (<27-28 ppt) consistently occur in upper Narragansett Bay and steadily increased to approximately 33 ppt in Rhode Island Sound. Del Castillo et al.(1999) indicated that for Orinoco River discharge, S was independent of salinity for waters with values lower than 30 ppt. They suggested that this independence implies there is no significant change in the optical properties and chemical composition of the riverine organic matter within this salinity range. For Narragansett Bay, plotting S versus salinity indicated that there was no dependence of S on salinity from 26-32 ppt (Figure 7 ).
Variation in CDOM absorption and freshwater input into Narragansett Bay
The highest average CDOM absorptions consistently occur during the Spring 1999 and 2000 sampling seasons (Figures 3 and 5) . To examine the relationship between these seasonal increases and the spring freshet, correlation and Model II regression analyses were conducted using the weekly discharge of freshwater into the bay system and average CDOM absorption coefficients from upper Narragansett Bay (Stations 36 and 40). 3 over a 7 day period, during early-mid spring, to less than 10 million m 3 per 7 days during the summer months (Figure 8 ). CDOM absorption in the upper bay varied from 0·3-1·2 m 1 during this period. Regression analysis indicated that CDOM absorption was strongly correlated with freshwater discharge during mid-spring through summer (r=0·88 and 0·68) and in the autumn (r=0·79). Weaker correlations with CDOM absorption were found during winter and early spring seasons (r=0·22, r= 0·19, respectively). Correlation analysis indicated a weak relationship between S and freshwater inflow (r=0·20).
Relationship between CDOM and chlorophyll a
The distribution and variability in chlorophyll a concentration is often used as an index of seasonal and regional abundance and bloom dynamics (Li & Smayda, 1998) . In Narragansett Bay, chlorophyll a seasonally varies with the highest concentrations characteristically occuring in the upper reaches of the system (Pratt, 1959; Farmer et al., 1982; Li & Smayda, 1998) . One main feature of the chlorophyll distribution in Narragansett Bay is the occurrence of intense winter-spring diatom blooms (>20 10 6 cells l 1 ) which usually begin in December and end in late March (Pratt, 1959 (Pratt, , 1965 Hitchcock & Smayda, 1977; Smayda, 1998) . During this study, in the upper bay (at Stations 36 and 40) peak concentrations ranged from 19-32 g l 1 (Table 3 ). In the lower bay (Stations 4 and 7), peak chlorophyll concentrations ranged from 8-11 g l 1 (Table 3) . The relationship between chlorophyll a concentration and S has been used in the Middle Atlantic Bight to determine the link between increased chl a levels and the production of in situ CDOM (Vodacek et al., 1997) . For Narragansett Bay, this link was tested by plotting the average chlorophyll a concentration against S (avg) for each cruise date (Figure 9 ). These results showed that between May 1999-June 2000, there were several periods during which increases in S directly coincided with increases in Chl a concentration. Correlation analysis of these data indicated a moderate relationship (r=0·32) between chl a and S.
The chlorophyll a concentration data collected in our study were used to derive a chlorophyll-specific absorption curve based on spectral coefficients (a*) of Prieur and Sathydranath (1981) at 13 wavelengths. The mean chlorophyll-specific absorption curve for Narragansett Bay is shown in Figure 2 .
Phytoplankton absorptions were then compared to CDOM absorptions at 443 and 490 nm using the ratio of aCDOM ( )/(aCDOM ( )+aChl ( )). 443 and 490 nm were chosen because of their location relative to the Chl a absorption maximum and their roles as the primary wavebands used to calculate Chl a in remote sensing algorithms (O'Reilly et al., 1998) . 490 nm also is a wavelength associated with absorption by caroteniods (Stuart et al., 1998) . Since the upper bay consistently has the highest absorption values, a time series of normalized CDOM absorption is presented only for Station 36 (Figure 10 ).
In general, these data showed that the competition for photons at these wavelengths was highly variable throughout the year. In Narragansett Bay, the highly variable nature of chlorophyll and possibly, CDOM concentrations may be the product of in situ regeneration of dissolved organic nitrogen by marine bottom communities (Nixon et al., 1976) .
During late spring-early summer, our results indicate that CDOM is responsible for as much as 70-80% of the total absorption at 443 and 490 nm in the water column (Figure 10 ). These absorption estimates are consistent with an earlier study by Yentsch and Phinney (1997) in which they suggest that 80-90% of the total absorption at short wavelengths during springtime in Gulf of Maine waters was due to absorption by CDOM. These estimates also indicate that CDOM absorption is reduced to 20-40% of light energy during diatom blooms during the winter/spring transition and summer months (Figure 10) .
Using spectral data of Puget Sound phytoplankton species (Culver & Perry, 1999) understand how specific species of diatoms and dinoflagellates compete for light in estuarine waters dominated by CDOM absorption. These analyses did not consider size and packaging effects. Applying the mean absorption spectra of Pseudonitzschia spp., Ditylum spp., and Chaetoceros spp. (coastal diatoms) and the dinoflagellate Alexandrium spp. in Puget Sound waters ( Figure 6 from Culver & Perry, 1999) combined with aCDOM 443 and aCDOM 532 from Station 36, we calculated normalized CDOM absorption coefficients from the aCDOM ( )/(aCDOM ( )+aChl ( )) ratios for Narragansett Bay. We suggest that the results are applicable to New England waters as the diatom and dinoflagellate species used in this analysis commonly occur in Narragansett Bay (M. McFarland, pers. comm.) . The wavelength used was 532 nm because this represents the region of peak absorption by total carotenoid pigments (Stuart et al., 1998) . Results indicate that CDOM absorption and the competition for light continues to be highly variable throughout the year (Figure 11 ) at 443 and 532 nm. Using the aCDOM 443 /(aCDOM 443 +aChl 443 ) ratio, these results indicate that CDOM continued to account for more than 80% of light absorbed during mid-late spring and autumn (Figure 11) (between 20-90%) during the winter/spring diatom bloom and isolated periods during the summer months ( Figure 11 ).
Discussion
In the North Atlantic Ocean, variability in CDOM absorption has been strongly linked to seasonal cycles of water column mixing (Garver & Siegel, 1997) . During times of deep mixing, coloured dissolved and detrital materials rise to the surface creating conditions for enhanced CDOM absorption. Periods of shallow mixing result in low CDOM absorptions as coloured dissolved material undergoes photobleaching effects in the stratified waters (Vodacek et al., 1997) . In the equatorial Pacific, Pegau (1997) suggests that the magnitude CDOM absorption is related to variations in the salinity of the Equatorial Undercurrent. Our results show that the temporal and spatial variation in the absorption of light by CDOM in estuarine waters is strongly related to the salinity gradient produced by mixing processes. This observation is consistent with coastal observations of Bricaud et al. (1981) , Green and Blough (1994) , Yentsch and Phinney (1997) , Del Castillo et al. (1999) and . In Narragansett Bay, this relationship results in the highest CDOM absorptions occurring in the brackish waters of the upper bay. We suggest there are no significant changes in the optical and chemical properties of CDOM based on salinity variability in Narragansett Bay based on the independence of salinity and S. In comparison, the relationship between S and chlorophyll indicates that changes in the optical and chemical properties of CDOM will be controlled by increased chlorophyll concentrations during phytoplankton blooms. We speculate that the late winter/early spring freshwater inflow from watersheds which surround Narragansett Bay lowers surface water salinities and appears to coincide with episodes of high chlorophyll concentration. Between late summer-early spring, CDOM absorptions in the middle-lower portions of the bay rapidly decline to minimum values as Narragansett Bay surface waters respond to intrusions of higher salinity waters from Rhode Island Sound (Figure 7 ). During most of the year, freshwater input and the magnitude of CDOM absorption is highly correlated. However, this relationship becomes very weak during the winter/early spring bloom when freshwater streams bring in sufficient concentrations of nitrate and silicate (Pratt, 1965) to fuel phytoplankton blooms which briefly overwhelm the effects of CDOM absorption. This association has also been observed by Yentsch and Phinney (1997) .
The results suggest that variability in S may be used as an indicator of the conditions under which accessory pigments become the primary absorbers of light in estuarine and coastal waters. Our data show that CDOM is the major absorber of light at 443 nm and a major competitor at 490 nm (Figure 2 ). In waters with high CDOM absorptions and values of Sc0·020, phytoplankton must utilize accessory photosynthetic pigments at longer wavelengths to collect sufficient levels of light energy to assure survival. The data indicate that during periods when the aCDOM/ (aCDOM+aChl) ratio is at a minimum (i.e. low CDOM absorption and S values d0·025), there is a concurrent rise in chlorophyll absorption. For example, at 532 nm, chlorophyll absorption increases by 40-90% in comparison to chl a absorption at 443 nm (Figure 11 ). These periods of increased chlorophyll absorption concur with times of increased chlorophyll concentrations in the upper and lower bay. The ecological implications for phytoplankton are that coastal diatoms and dinoflagellates appear to utilize photosynthetic carotenoid pigments, over the spectral range of approximately 470-550 nm (UNESCO, 1997), to carry out the task of collecting light in waters dominated by CDOM absorption.
Within algae cells, photosynthetic carotenoids serve to harvest light energy while photo-protective carotenoids protect cells from the damaging effects of photo-oxidation (Roman, 1989) . In coastal waters, photosynthetic carotenoids can account for as much as 90% of the total carotenoids (Stuart et al., 1998) . Specifically, the presence of carotenoid pigments such as fucoxanthin (found in diatoms) and peridinin (found in dinoflagellates) can produce shifts in the absorption spectra from the blue portion of the spectra to longer wavelengths (Kirk, 1996) .
Remote sensing from satellites and aircraft offers the environmental community a tool that can synoptically monitor coastal waters at regional and smaller spatial scales. The difficulty in developing ocean colour algorithms to predict chlorophyll a concentrations is underscored by the influence that CDOM has as a major absorber of light over the same wavelengths favoured by phytoplankton.
